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Abstract 
A CO2 capture and storage (CCS) retrofit strategy is compared to several repowering strategies for 
decarbonising existing coal power plant sites. The more promising repowering approaches analyzed 
seem to be a shift to natural gas via natural gas combined cycles and deployment of systems that 
coproduce synthetic liquid fuels plus electricity from coal and biomass with CCS. Under a wide range 
of plausible conditions, the latter option seems to the most promising approach for decarbonising 
these plant sites—exploiting simultaneously the carbon mitigation benefit of coprocessing biomass in 
CCS energy systems and the more general benefits offered by coproduction systems with CCS of:  
(i) low CO2 capture costs, (ii) high efficiency of power generation, and (iii) large credits for the sale 
of the synfuel coproducts at current or higher oil prices, and (iv) very low minimum dispatch costs.     
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1. Introduction 
 Decarbonization of electricity would be facilitated if coupled to the decarbonisation of synthetic 
fuels. Liu et al. [1] found that: (i) synthetic liquid fuels are typically less costly to produce when 
electricity is generated as a major coproduct than when producing mainly liquid fuels, (ii) co-
production systems that utilize a co-feed of biomass and coal and incorporate CO2 capture and storage 
(CCS) in the design offer attractive opportunities for decarbonizing liquid fuels and power generation 
simultaneously, and (iii) such coproduction systems considered as power generators can provide 
decarbonized electricity at lower costs than is feasible with stand-alone fossil-fuel power plant 
options under a wide range of conditions. These conclusions were a result of analyzing 16 different 
system configurations for making Fischer-Tropsch liquid fuels (FTL), including FTL from coal  
(CTL), from biomass (BTL), and from coal + biomass (CBTL)—both CO2 venting (V) and CCS 
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options, and both recycle (RC2) and once-through (OT3) plant configurations. The study evaluated the 
economics of coproduction from the perspectives of both a synthetic fuel producer and an electricity 
generator for new construction applications. Here the analysis of [1] is extended to examining 
coproduction systems with CCS as repowering alternatives to the pursuit of CCS retrofits (PC-CCS 
retrofit) for old written-off pulverized coal power plants that vent CO2 (WO PC-V).   
2.AnalyticalFramework
  
 Systems analyzed here include both 1) gasification-based energy systems completely modeled by 
the authors, and 2) non-gasification-based energy systems for which performances and capital costs 
are drawn from other studies but presented in a manner consistent with the capital costs in 1). Our 
analytical framework is described in detail in [1] and summarized here. Our aim is to estimate with a 
reasonably high degree of confidence how relative costs compare among analyzed systems.   
  
Table 1. CCS Retrofit and  Repowering Options for Sites of Written-Off Coal PC-V Plants 
Capacities 
Inputs Outputs 
Plant Name 
Fuel, 
MW, 
HHV 
Biomass, 
dt/d (% of 
input 
energy) 
Elec- 
tricity, 
MWe 
FTL, Barrels/d 
(MW, LHV) 
e, % 
HHVd 
Site raw H2O 
usage at full 
outpute, liters/s
GHGIf GHGAf, 
kg CO2eq 
/MWh 
CO2 
stored, 
106 t/y 
TPCg, 
$106 
WO PC-Va 1613 0 543 0 33.7 406 1.00 0.0 0 0 
PC-CCS retrofita 1613 0 398 0 24.7 558 0.19 807 3.48 426 
Repowering options 
CIGCC-Vb 1613 0 606 0 37.5 275 0.83 166 0 1191 
CIGCC-CCSb 1613 0 500 0 31.0 294 0.13 873 3.29 1369 
CTL-OT-Vb 1613 0 269 7,618 (481) 45.0 232 1.18 - 288 0 1234 
CTL-OT-CCSb 1613 0 226 7,618 (481) 39.3 245 0.63 634 2.06 1279 
CBTL1-OT-CCSb 1604 913 (12) 232 7,618 (481) - 234 0.45 929 2.09 1323 
CBTL-OT-Vb 1584 2889 (40) 286 7,618 (481) 50.5 213 0.69 485 0 1327 
CBTL-OT-CCSb 1584 2889 (40) 244 7,618 (481) 45.0 224 0.083 1513 2.15 1379 
NGCC-Vc 1102 0 560 0 50.8 158 0.42 578 0 321 
NGCC-CCSc 1102 0 482 0 43.7 246 0.11 889 1.36 583 
(a) System characteristics as developed in Simbeck and Roekpooritat [2].  
(b) Source: Liu et al.[1]. 
(c) System characteristics as developed in NETL [4].  
(d)   e  = electric efficiency. For coproduction systems, e  = marginal electric generation efficiency (MEGE), as defined in text. 
(e)   Raw water usage = consumption - water recycled; estimated by authors for gasification energy systems; based on NETL [4] for 
         combustion energy systems, as discussed in the main text. 
(f)   The GHG emissions index (GHGI) and the GHG emissions avoided (GHGA) are defined in the main text. 
(g)   This is the total plant cost (TPC), or “overnight capital cost” (which excludes interest during construction). 
 
 For all gasification-based systems, the analysis begins with detailed mass, energy, and carbon 
balance simulations using Aspen Plus® software. These were used as inputs for developing a self-
consistent set of capital cost estimates in 2007 US dollars on a component-by-component basis for 
“Nth plants built under typical USA construction conditions in that year. Our capital cost estimates 
along with other system attributes are summarized in Table 1. Financing and other assumptions   
 
2 In RC systems, syngas unconverted in a single pass through the synthesis reactor is recompressed and recycled to 
maximize liquid fuel output while minimizing electricity output.
3 In OT systems, syngas unconverted in a single pass through the synthesis reactor is burned in the combustor of a gas 
turbine combined cycle (GTCC) power plant to generate net electricity as a major coproduct. 
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Table 2. Fuel Prices and Financial and Other Assumptions  
Levelized coal price to US average coal power generator, 2016-2035 ($/GJHHV)a 1.86 
Levelized natural gas price to US average natural gas power generator, 2016-2035 ($/GJHHV)a 6.35 
Biomass price delivered to conversion plants, from [1] ($/GJHHV) 5.0 
Annual average capacity factor for XTL-OT plants (%) 90 
Default annual average capacity factor for power-only plants (%) 85 
IDC [interest during construction, as a fraction of total plant cost (TPC)]b 0.072 
Annual capital charge rate (ACCR) applied to [ TPC*(1 + IDC) ], fractionc 0.142 
Annual O&M costs for modelled gasification systems (% of TPC or overnight plant capital) 4 
CO2 transport and storage costs, all cases ($ per tonne of CO2) 15 
(a) These are fossil fuel prices to average power generators in the U.S. in 2007 dollars levelized over the period 2016-2035 
(assuming a 7% discount rate), based on Reference Scenario projection in [5]. 
(b) Interest during construction (IDC) for 3-year construction schedule with equal annual payments, real 7%/y discount rate. 
(c)Annual capital charge rate (ACCR) (used in EPRI TAG methodology [6] to calculate the annual capital charge) = 
      [ACCR*(1+IDC)*TPC (in $ per year)], assuming a 55/45 debt/equity ratio,10.2%/y and 4.4%/y real costs of debt and equity, 
respectively, a 39% corporate income tax rate, a 2% property tax/insurance rate, and a 20-year economic life for plants. 
 
presented Table 2 enable calculation of the levelized cost of electricity (LCOE), the minimum 
dispatch cost (MDC), and the internal rate of return on equity (IRRE) for each system. 
 The estimated LCOEs for XTL-OT systems include credit for sale of FTL co-products. It is 
assumed that: (i) these are sold at the wholesale (refinery-gate) prices of crude oil-derived products 
(CODP) displaced (7.90 and 8.51 ¢ per liter refining markups for diesel and gasoline, respectively), 
and (ii) selling prices increase with GHG emissions price by an amount equal to the fuel-cycle-wide 
GHG emission rates for these CODP (91.6 kg CO2eq/GJ) times the emissions price. For the IRRE 
analysis it is assumed that electricity is sold at the 2007 US average generation price ($60/MWhe) 
augmented by the value of the US average GHG rate for the electric grid (638 kg CO2eq/MWhe).  
 To estimate fuel-cycle-wide GHG emissions, we combined the estimated emissions at the facility 
(based on our process simulations) with those associated with feedstock production and delivery 
operations upstream of the plant and with fuel delivery and combustion downstream of the plant. 
Combustion emissions are based on the C content of the fuel, and emissions from other processes 
outside of the plant gate are based on the GREET model [7]. It is assumed that biomass is provided on 
a renewable basis so that CO2 absorbed by biomass during photosynthesis is counted as a negative 
emission. We introduce two GHG mitigation metrics: a GHG emissions index (GHGI) and the GHG 
emissions avoided (GHGA)—which indicate the depth and breadth of mitigation, respectively. GHGI 
 (total GHG emissions for energy production and consumption)/(total GHG emissions for fossil 
energy displaced). We assume that the fossil energy displaced = (equivalent CODP) + (electricity 
from WO PC-V).4  The GHGA (measured in kg CO2eq/MWhe) is given by GHGA = (total GHG 
emissions for the displaced fossil fuels) - (total GHG emissions for energy production and 
consumption), or GHGA = (1 – GHGI)*(total GHG emissions for the displaced fossil fuels).  
 
3. Options for Decarbonizing Existing Coal Power Plant Sites 
 
 This analysis compare performances and economics of PC-CCS retrofit and various repowering 
options as reduced GHG-emitting alternatives to WO PC-V. 
 Simbeck and Roekpooritat [2] analyzed and estimated LCOEs for several CCS retrofit options 
based on near-term technologies and showed that a simple CCS retrofit (without plant modification) 
based on an amine post-combustion scrubber offers the lowest LCOE for a retrofit, although the alter-
natives would be less energy-intensive. The least-costly CCS retrofit option identified in [2] is 
adopted with some of the cost assumptions adjusted to enable self-consistent comparisons in the 
 
4 Fuel cycle-wide GHG emission rates for the displaced fossil fuel energy are estimated to be 91.6 kg CO2eq/GJ (LHV) 
for CODP (63.4% diesel and 36.6% gasoline) and 999 kg CO2eq/MWhe for WO PC-V. 
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analytical framework of this study. 
 The repowering options 
considered are the seven op-
tions listed in Table 1 for 
which GHGI < 0.65. Con-
siderable attention is given 
to the three XTL-OT-CCS 
repowering options that in-
volve systems producing 
FTL as a major coproduct of 
electricity (accounting for  
~ 2/3 of the energy output). 
Figure 1 is a schematic 
showing such a system that 
coprocesses biomass. The 
natural gas combined cycle 
(NGCC) is also given close 
attention in light of recent 
bullishness about US gas 
supplies [3]. 
 A narrow definition of 
repowering is scrapping an 
existing plant but keeping 
the site and infrastructure for use by a new facility. Of course, there has to be enough space to 
accommodate all equipment associated with repowering, there have to be suitable CO2 storage 
opportunities, and (for cases in which biomass is coprocessed with coal) biomass supplies have to be 
available—so not all sites can accommodate repowering. However, the definition of repowering is 
broadened somewhat to include also the option of abandoning the site entirely and rebuilding at a 
greenfield site if the targeted site is unsuitable; the economics change only relatively modestly in a 
shift from building a new plant at an existing site to building a new plant at a greenfield site. The 
economic benefits associated with saving the infrastructure are not taken into account.  
 Plant capacities assumed for the 
comparative economic analysis 
(Table 1) were determined 
according to the following 
algorithms: (i) all coal-only 
options considered were designed 
with the same coal input rate as 
for the plant being displaced 
(1613 MWt), and (ii) all XTL-OT 
systems were assigned the same 
FTL production capacity (7,618 
barrels per day). 
3. Lifecycle Analysis  
 
 Important non-economic 
metrics for comparing options are: 
(i) CCS energy penalty, (ii) elec-
tric generation efficiency, (iii) raw 
water usage, and (iv) GHG emis-
sions mitigation performance. 
 Figure 2 shows energy penalties 
for PC-CCS retrofit and for four repowering options. The huge 36% penalty for PC-CCS retrofit with 
 
 
Figure 1. Layout for a CBTL-OT-CCS plant.  
 
Assumptions: separate O2-blown gasifiers for bituminous coal (GEE entrained-
flow water-slurry-fed quench gasifier) and for switchgrass (GTI fluidized bed 
gasifier); FTL via slurry-phase synthesis with iron catalyst; H2/CO = 1.0 for 
syngas entering synthesis reactor; onsite refining to upgrade crude FTL products  
to finished diesel and gasoline; CO2 and H2S separated from shifted synthesis gas 
in acid gas removal (AGR) unit using Rectisol; H2S recovered in AGR reduced to 
elemental S in Claus/SCOT plants; CO2 compressed to 150 bar for transport to 
storage; residual H2-rich syngas mixed with N2 from the air separation unit (for 
NOx control) and burned in a GTCC combustor.   
 
 
Figure 2. CCS energy penalty for five power options.  
 
For power-only systems, penalty = 100 x (v/ c – 1), where v and c are 
HHV plant efficiencies for –V and –CCS options, respectively.  For XTL-
OT-CCS options, penalty = 100 x (extra coal energy required via CIGCC-
CCS to make up for lost power in shifting from –V  –CCS)/(coal energy 
use by XTL-OT-V).  
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90% capture (GHGI = 0.19) arises mainly because of the large amount of heat required to regenerate 
the amine solvent after it has absorbed the CO2 from flue gases in which its partial pressure is only 
0.14 bar. The penalty is only 16% for NGCC-CCS with 90% capture (which also involves post-
combustion capture and for which GHGI = 0.11) even though the CO2 partial pressure in flue gases is 
much lower (0.04 bar), because the capture rate for NGCC-CCS is only 0.38 t/MWh vs. 1.17 t/MWh 
for PC-CCS retrofit.5 All CCS gasification options modeled use pre-combustion capture of CO2 from 
shifted synthesis gas at a partial pressure of 10 bar—high enough that a physical solvent can be used, 
for which the energy penalty for solvent regeneration is much less than for post-combustion capture. 
For CIGCC-CCS, the CCS energy penalty relative to CIGCC-V is only 21%. For XTL-OT-CCS 
options the penalty is much lower still (< 9%) for two reasons: (i) most CO2 must be separated from 
shifted synthesis gas upstream of synthesis (accounting for ~ ½ of total CO2 captured in XTL-OT-
CCS cases) even in the absence of a carbon policy in order to realize a high conversion rate to liquid 
fuels in the synthesis reactor6 and (ii) the marginal efficiency of generating electricity (MEGE) is very 
high for XTL-OT-CCS systems—as discussed below. Also, if the energy penalty for CIGCC-CCS is 
measured relative to WO PC-V (which is appropriate for a repowering application), it is comparable 
to that for the XTL-OT-CCs options (Figure 2) essentially because CIGCC-V is more energy efficient 
than WO PC-V (37.5% vs. 33.7%). 
 MEGE  (additional electric power generated via the OT design of an FTL plant relative to the RC 
design when both plants are sized to produce the same amount of FTL)/(additional coal consumed).7 
Table 1 shows that the MEGEs for the XTL-OT designs are much higher than efficiencies for new 
coal power plants—e.g., the lowest MEGE for an XTL-OT-CCS option (39.3%) is higher than the 
highest efficiency shown for  –V options for stand-alone coal power (37.5%). The high MEGEs arise 
mainly as a result of: (i) the intense exothermicity of FT synthesis, and (ii) the much higher ratio of 
the FT synthesis exotherm energy to power island fuel energy in the RC case than in the OT case. 
Heat generated by the FT synthesis reactions is captured as saturated steam by evaporating water in 
boiler tubes immersed in the FT slurry bed. If subsequently superheated, the steam can be efficiently 
expanded through a turbine to generate power. In the OT designs there is more than enough high-
quality heat available (in the exhaust gases of the gas turbine in the GTCC) to superheat all saturated 
steam. For RC designs the heat available is that from burning purge gases, which is adequate to 
superheat only 60% of the saturated steam generated in synthesis and other upstream exotherms.  
 Site raw water usage rates are listed in Table 1. Most is water evaporated in recirculating cooling 
towers (87% - 90% in XTL-OT cases), the assumed cooling technology. Water usage increases 38% 
for PC-CCS retrofit8 (reflecting the large cooling water demand for regenerating the amine solvent) 
but for all gasification options usage is < 75% of usage for WO PC-V. Water usage for NGCC-V is 
39% of WO PC-V usage, and for all XTL-OT cases usage is < for NGCC-CCS. Much of the variation 
stems from the facts that: (i) for NGCC and gasification-based systems much of the gross power 
generated comes from a gas turbine that does not require a condenser for cooling, and (ii) cooling 
loads for regenerating physical solvents are much less than for regenerating chemical solvents. 
 Figure 3 shows GHGI and GHGA values for the seven power system alternatives to WO PC-V for 
which GHGI < 0.65. Particularly noteworthy is the efficacy of using biomass in XTL-OT-CCS 
systems9: in shifting from CTL-OT-CCS (GHGI = 0.63) to CBTL1-OT-CCS (with 12% biomass and 
 
5 Reflecting both the higher H/C ratio for natural gas compared to coal (4 vs. 0.8) and the higher power plant efficiency 
in the natural gas case for the CO2 venting options (50.8% vs. 33.7%).
6 So that much of the capture energy penalty is charged to the “synfuel account” rather than to the “carbon account.”
7 MEGE   E/ F, where  E  increase in electricity output in shifting to an XTL-OT-CCS “once-through” system 
from an XTL-RC-CCS “recycle” system, and where  F  increase in fuel input in this shift; in this calculation the 
XTL-OT-CCS and XTL-RC-CCS systems are designed to have the same FTL output rates.
8 For PC cases in Table 1, raw water usage per MWhe is estimated via WPC  WPCn*(1 – PCn)/(1 – PC), where WPCn 
are values for new subcritical PC plants from NETL [5] (2563 and 5036 liters per MWhe for - V plant with efficiency 
PCn = 36.8% and for – CCS plant with efficiency PCn = 24.8%, respectively), and PC are corresponding efficiencies 
for WO PC-V and PC-CCS retrofit listed in Table 1.     
9 Which have the same FTL output levels and very similar electric power output levels.
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GHGI = 0.45), GHGA increases 1.5; and in shifting from CBTL1-OT-CCS to CBTL-OT-CCS (with 
40% biomass and GHGI = 0.083), GHGA increases 1.6. In XTL-OT-CCS systems > ½ of feedstock 
C10 is stored as CO2 in geological formations. The negative emissions associated with geological 
storage of photosynthetic CO2 offset the 
positive emissions arising from coal-derived 
C both at the conversion plant and as a result 
of ultimate synfuel combustion, giving rise to 
high GHGA values. 
  
4. Economics 
  
 Here the LCOE, the MDC, and IRRE are 
estimated for options described in Table 1.   
LCOE analysis: LCOE values are shown in 
Figure 4 as a function of GHG emissions 
price (PGHGE) at a $75 per barrel crude oil 
price11,12 and for design capacity factors for 
the eight systems of greatest interest.  
 The LCOE for CIGCC-CCS > for the PC-
CCS retrofit—in contrast to the situation for 
new construction, where the LCOE for 
CIGCC-CCS < for PC-CCS. The difference 
arises largely because the retrofit TPC is 0.3 
that for CIGCC-CCS (Table 1), while for new 
construction TPC for a supercritical PC-CCS is 1.4 that for CIGCC-CCS [1].   
 NGCC-CCS (GHGI = 0.11) would be a key element of a repowering-with-gas strategy if the USA 
Administration’s C-mitigation goal of more than an 80% reduction in GHG emissions by 2050 is to be 
met. NGCC-CCS offers a lower 
LCOE than the PC-CCS retrofit for 
PGHGE > $24/t, but CCS would be 
adopted for NGCC only for PGHGE > 
$91/t CO2eq—much higher than the 
$69/t needed to induce a shift from 
WO PC-V to PC-CCS retrofit 
(Figure 4), reflecting the higher CO2 
capture cost for NGCC-CCS ($63/t 
vs. $32/t of CO2 captured). 
 The strong downward slope of the 
CBTL-OT-CCS vs. PGHGE curve 
arises because GHG emissions enter 
the LCOE calculation for XTL-OT 
systems in two ways: (a) charges for 
the fuel-cycle-wide GHG emissions 
for production and consumption of 
the system products,13 and (b) credits 
for GHG emissions of the CODP 
displaced.14 The net emissions charged to electricity = (a) – (b). For CBTL-OT-CCS, (a) is very low 
 
10 In the CBTL1-OT-CCS (CBTL-OT-CCS) case 13% (41%) of the feedstock C is from biomass.
11 The indicated GHG emissions price and crude oil price are values levelized over the 20-year plant life. 
12 Only for the XTL-OT options does the LCOE depend on the crude oil price.
13 Values of (a), in kg CO2eq per MWhe, range from 1867 for CTL-OT-V to 138 for CBTL-OT-CCS.  
14 Values of (b), in kg CO2eq per MWhe, vary only modestly: from 703 for CTL-OT-CCS to 556 for CBTL-OT-V. 
 
Figure 3. GHGI and GHGA for eight power systems. 
 
Figure 4. LCOE vs. PGHGE for eight power systems @ $75 a barrel 
crude oil. 
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(although similar to the PC-CCS 
retrofit15) because of both CCS and the 
large amount of biomass coprocessed, 
but (b) is 4.7 as large as (a), yielding a 
strongly negative “effective” emission 
rate (- 514 kg CO2eq/MWhe) for LCOE 
evaluation purposes. This benefit of 
coprocessing a large amount of bio-
mass, together with the more general 
XTL-OT benefits of a high MEGE 
(45%, Table 1), a low capture cost16 and 
a high crude oil price all contribute to 
the attractive CBTL-OT-CCS econ-
omics at high GHG emissions prices. 
CBTL-OT-CCS offers the lowest LCOE 
for PGHGE > $60/t CO2eq, at which point its LCOE is 86% of that for PC-CCS retrofit (Figure 4).  
 The LCOE for XTL-OT systems is a sensitive function of crude oil price. For each $1/barrel 
increase (decrease) in the crude oil price, the LCOE increases (decreases) $1.41, $1.37, and $1.30 per 
MWh for CTL-OT-CCS, CBTL1-OT-CCS, and CBTL-OT-CCS, respectively. 
MDC analysis: The grid system operator determines the merit order for dispatching plants selling 
electricity into the grid, typically hour-by-hour, based on bid prices to sell from competing generating 
units. The minimum price a plant operator will be willing to bid is the minimum dispatch cost (MDC), 
determined by equating revenues to short run marginal cost (SRMC) for the bidding period. Because 
co-production systems generate two revenue streams, MDC ($ per MWh) = SRMC ($ per MWh) – 
(FTL revenues per MWh). Figure 5 shows MDC vs PGHGE for CBTL-OT-CCS at three crude oil prices 
and for some stand-alone power systems. At PGHGE = $0/t, the MDC for CBTL-OT-CCS reaches 
$0/MWh for crude oil priced at $72 a barrel. Thus, this “must-run baseload” power plant could defend 
a high capacity factor in economic dispatch competition and drive down capacity factors of competing 
systems as deployment of this (or other XTL-OT-CCS) technology on the electric grid increases. 
Internal rate of return on equity: In comparing options, investors are more interested in the internal 
rate of return on equity (IRRE) than the LCOE. Figure 6 shows the IRRE vs. PGHGE for the PC-CCS 
retrofit and NGCC and XTL-OT-CCC repowering options. The IREE is estimated assuming the same 
financial parameters as in Table 2 except that the real rate of return on equity is adjusted until the 
present worth of revenues equals the present worth of costs. For stand-alone power cases the IRRE is 
shown for both the design capacity factor (85%) and for a 50% capacity factor. For XTL-OT-CCS 
systems the IRRE is estimated for both $75 and $100 a barrel oil. Three cases are considered.  
Case I: $75/barrel oil and design capacity factors for power-only systems: In this case the IRRE for  
NGCC-V is much higher than for all other options—rising from 10%/y to 40%/y as @ PGHGE rises 
from $0/t to $100/t. But if there is much XTL-OT-CCS capacity on the grid, neither NGCC nor PC 
options would be able to defend their high design capacity factors in economic dispatch competition.  
Case II: $75/barrel oil and 50% capacity factor for power only systems: In this case CTL-OT-CCS has the  
highest IRRE for PGHGE values up to $38/t, above which NGCC-V and CBTL-OT-CCS are tied with the 
highest IRRE. Notably, IRRE values are essentially identical at all PGHGE values for CBTL-OT-CCS and 
NGCC-V in this case. A 50% capacity factor is plausible for power only systems when there is a high level 
of deployment of XTL-OT-CCS systems on the grid, which would drive down the capacity factors of 
power-only systems in dispatch competition. For perspective, the average capacity factor for the 190 GWe 
of US NGCC capacity has been 41% [3] largely as a result of dispatch competition with coal plants. 
Case III: $100/barrel oil and 50% capacity factor for power only systems: The levelized oil price during 
2016-2035 in the EIA Reference Scenario is $100/barrel [5]. In this case CTL-OT-CCS has the highest 
IRRE for PGHGE values up to $41/t, above which CBTL-OT-CCS has the highest IRRE. 
 
15 The GHG emission rate is 192 kg CO2eq/MWhe for PC-CCS retrofit.  
16 At $75 a barrel, the CO2 capture cost for shifting from CBTL-OT-V to CBTL-OT-CCS is $17/t of CO2.
 
Figure 5. MDC vs. PGHGE for five power systems and three crude 
oil prices.
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 Notably, for Cases II and III, 
CBTL-OT-CCS becomes the 
most profitable option at a lower 
PGHGE (~ $40/t) than the point at 
which it offers the least LCOE 
(PGHGE ~ $60/t). Moreover, in 
none of the cases is the PC-CCS 
retrofit the most profitable op-
tion despite its low capital cost. 
5. Conclusion  
 One of the main attractions of 
the PC-CCS retrofit for decar-
bonising existing coal power 
plant sites are its low capital 
cost, which leads to a lower 
LCOE than for repowering via 
CIGCC-CCS. Another is that this approach would enable coal power generation to continue under a 
C-mitigation constraint using the combustion technologies that the power industry is very comfortable 
with. But its relatively high LCOE and MDC, its relatively low IRRE values, and its high raw water 
usage rates are likely to limit the viability of this option. 
 NGCC is a repowering option that offers LCOEs for both –V and –CC variants that are attractive 
relative to the PC-CCS retrofit even at the assumed high natural gas price—if design capacity factors 
can be realized. But a very high GHG emissions price is needed to induce CCS to enable NGCC-CCS 
to compete with NGCC-V. Moreover, if XTL-OT systems were widely deployed, economic dispatch 
competition would tend to keep NGCC capacity factors low. At 50% capacity factor, NGCC-V (GHGI 
= 0.42) would be no more profitable than CBTL-OT-CCS (GHGI = 0.083) and NGCC-CCS would be 
far less profitable at all PGHGE values when crude oil is priced at $75 a barrel.  
 Among XTL-OT-CCS systems the only repowering option that can beat decisively both NGCC and 
PC-CCS retrofit options at higher PGHGE values is CBTL-OT-CCS. But this option faces industry 
culture challenges and institutional challenges. The option requires not only a shift to gasification 
conversion (with which the power industry has had very little experience), but also the simultaneous 
production and marketing of liquid fuels and electricity (commodities that serve very different 
markets) and the simultaneous management of two very different feedstocks (coal and biomass). The 
powerful economic advantages of this option under a serious carbon mitigation policy provide a 
strong incentive to find ways to overcome the obstacles to deployment of this technology. 
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Figure 6. IRRE vs. PGHGE for three XTL-OT-CCS systems for crude oil 
@ $75 and $100 a barrel and two stand-alone power systems @ CF = 
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